In this article, a broadband 3-dB directional coupler is proposed using groove gap waveguide (GGW) structures. Gap waveguide technology has been introduced to overcome manufacturing and assembling challenges of different millimeter-wave components and devices. The presented coupler has wideband coupling flatness with low return loss in 60-GHz frequency band and can be easily adapted to other frequency ranges. Experimentally, a sample prototype of the proposed 3-dB coupler has been designed and fabricated. The measured return loss and isolation are better than 20 dB and the power-split unbalance within ±0.5 dB is obtained over the frequency range from 57 to 74 GHz (26% BW). The proposed structure has the capability of easily integrating with other millimeter-wave components.
I. INTRODUCTION
Directional couplers are widely used in different microwave components and networks. These components can be implemented based on different kinds of traditional planar technologies as microstrip lines [1] , striplines [2] and substrate integrated waveguides (SIWs) [3] . In all of these substrate based structures, low power handling capacity, high substrate and ohmic losses and undesired radiations may be of concern especially for millimeter-wave frequencies.
In low loss waveguide directional couplers, by making holes in the common wall between two adjacent waveguides, energy is coupled through the holes from the main to the coupled guide. At the design frequency band, couplings to the waveguide cancel in one direction while add in the other direction. Examples are single, multi and continuous aperture coupling [4] , [5] . In the branch-guide directional couplers, the coupling region consists of a number of series branch lines connecting the two waveguides [6] . Generally, these types of couplers are broadband with an appropriate coupling flatness and especially applicable for couplers with the 3-to 10-dB coupling values. In the last decades, some synthesis techniques based on equivalent circuit representations have been presented for design of branch-guide directional couplers [6] - [8] . In most of these methods, simplified models The associate editor coordinating the review of this manuscript and approving it for publication was Haiwen Liu . are considered and it is not easy to accurately quantify the capacitance or inductance in waveguide junctions. This usually leads to considerable disagreement with measurement. In addition, a number of field theory based techniques have been studied in [9] , [10] , though they are suitable only for the conventional simple structures for which analytical expressions exist. For complex new structures such as gap waveguides, due to mathematical complexity, it is not possible to use analytical solutions in the synthesis procedure. The high design accuracy required can only be obtained by numerical and optimization techniques [10] .
Gap waveguide technology is one of the new suitable guiding structures for millimeter-wave applications [11] . This technology offers low-cost and high-performance contactless H-plane waveguide split-block solution where joint between the adjacent metal plates is not an issue. In addition, GW guiding structures benefit from relatively low loss, broad frequency bandwidth, manufacturing flexibility, cost effectiveness and high power handling at millimeter-wave frequencies. As a result, during the past few years, this technology has been successfully applied to design and fabrication of various antenna arrays and millimeter-wave passive and active components [12] - [15] .
More recently, broadband GGW based directional couplers with coupling values between 10 and 30 dB have been introduced for 60-GHz frequency band applications [16] . Design procedure for achieving 3-dB coupling value and broadband VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ coupling flatness in this type of couplers requires using many coupling apertures that increases the structure length dramatically. In the other hand, to the authors' knowledge, V-band waveguide 3-dB couplers are rarely found in the literature. To overcome these issues, this paper presents a wideband GGW based 3-dB coupler for V-band applications. The design is performed in a waveguide branch-guide coupler by using five rectangular apertures in the common wall of two parallel GW guiding structures.
II. GGW STRUCTURE
The configuration of GGW is illustrated in Fig. 1 . In this structure, perfect electric conductor and perfect magnetic conductor are employed to make desired frequency bandstop. The artificial magnetic surface can be realized by periodic metallic pins on bottom metal plate. By removing several rows of the periodic pins, a guiding wave mode can propagate in the structure. Consequently, good electrical contact between the metal plates is not needed in this guiding structure. The pin dimensions and groove width need to be designed correctly for appropriate stop bandwidth. Here, we consider w = 3.7 mm, a = 0.5 mm, p = 1.5 mm, h = 1.35 mm, and g = 0.2 mm to achieve a stop-band from 40 to 80 GHz [16] . 
III. COUPLER DESIGN AND SIMULATION RESULTS
The schematic of a conventional waveguide branch-guide coupler is illustrated in Fig. 2 . Two parallel adjacent rectangular waveguides are coupled by N branch guides connected along the broad walls. Additional degrees of freedom are obtained by allowing the main wave guide sections between the branches to have different heights, thus different impedances. The frequency bandwidth can be improved by increasing the number of branches [7] . The detailed design and optimization procedure of conventional waveguide branch-guide couplers has been discussed in [10] . The proposed structure for GGW coupler and detailed description of its 3-D model are depicted in Fig. 3 . Ports #1, #2, #3, and #4 are the input, through, coupled, and isolated ports, respectively. As shown in Fig. 3 , the coupler is constructed of two groove gap waveguides coupled along the broad walls by 5-branches of different widths. It is important to note that optimization procedure depends heavily on the initial values. The detailed design procedure of waveguide branch-guide coupler discussed in [6] is used as the starting guideline for the design based on gap waveguide structure. Here, in the design and optimization procedure, the lengths of branches and spacing between them are initially considered quarter-guide wavelength at 60 GHz. According to the design specifications, the minimization of an error function defined as
determines the optimized values for design parameters. Note that S 11 and S 31 are input reflection and coupling coefficients of the coupler over the desired frequency bandwidth from 50 to 75 GHz. The designed structure is simulated by using the full-wave electromagnetic solver CST Microwave Studio. For measurement purpose, transitions of GGW to WR-15 (standard V-band rectangular waveguide) should be designed. The proposed transition is composed of a H-Plane corner and two steps. For changing the direction of guides through 90 o angle, corners are used. By tuning the position of chamfered pin in the corner, the direction of electromagnetic wave propagation can effectively change with negligible reflection throughout the frequency range the coupler are to be used. Because of different height of WR-15 and GGW, two quarter-wavelength steps are inserted in the bottom plate in order to decrease reflection. Finally, after connecting these parts to the coupler and for achieving low input return loss, the parameters of the steps and corners are optimized. Fig. 4 illustrates the frequency response of proposed coupler with and without transitions. Observe that the return loss and isolation are better than 20 dB and the coupling value is 3 ± 0.5 dB over frequency range of 56 GHz to 75 GHz.
It is possible to scale the introduced 3-dB directional coupler to other operating frequencies. Briefly, the design process of coupler can be summarized as follows:
• The design frequency is determined as center point of the desired operating bandwidth.
• The number of branches is determined with considering space constraints and desired electrical performance. • The lengths of branches and spacing between them are assumed initially as λ g /4. To satisfy the desired specifications including input matching requirements and balanced outputs with coupling flatness, an optimization procedure should be employed.
IV. FABRICATION AND MEASUREMENT
To illustrate the operation of proposed structure, a sample prototype is constructed by standard computer numerical control milling techniques in aluminum material. The fabricated 3-dB directional coupler is shown in Figure 5 before performing the assembly to illustrate the details of its different layers. The overall size of assembled coupler is 45 × 24 × 19 mm 3 .
TABLE 1. Comparison between reported and present proposed couplers.
The scattering parameters of the fabricated coupler are measured using a vector network analyzer through WR-15 waveguide flanges. Fig. 6 shows the simulated and measured frequency response of the coupler which agree with each other. The discrepancies between the results may be attributed to extra loss due to metal conductivity degradation owing to surface roughness, the fabrication inaccuracies in the computer numerical control (CNC) milling and assembling tolerances. The experimental results show that the |S 11 | < −20 dB bandwidth is 27% covering 56-74 GHz, and the isolation is better than 20 dB. Also, the powersplit unbalance is within ±0.5 dB and phase difference of output ports is 89±0.5 o from 57 to 74 GHz. Since the GW structures have more details with respect to the conventional rectangular waveguides, usually some frequency shifts is seen in simulation and measurement results due to the fabrication inaccuracies.
In Table 1 , specifications and performances of different kinds of reported couplers are compared with the present work. To the best knowledge of the authors, no such V-band waveguide 3-dB directional coupler with acceptable coupling flatness has ever been proposed in the literature before.
V. CONCLUSION
The design of a wideband 3-dB directional coupler based on GGW for 60 GHz frequency band is studied numerically and experimentally. With the presented geometry, no physical contact is needed between the different layers of the H-plane guiding structures. Over the frequency band of 57-74 GHz, the 3-dB coupler has a return loss of better than 20 dB. With transitions designed in the structure, the coupler can directly be connected to standard rectangular waveguide. Experiments confirm the design and basic operation of fabricated 3-dB coupler. The results serve as a reference for designing other wideband millimeter-wave passive components. ASHTAF UZ ZAMAN (Member, IEEE) was born in Chittagong, Bangladesh. He received the B.Sc. degree in electrical and electronics engineering from the Chittagong University of Engineering and Technology, Chittagong, and the M.Sc. and Ph.D. degrees from the Chalmers University of Technology, Gothenburg, Sweden, in 2007 and 2013, respectively. He is currently an Associate Professor with the Communication and Antenna Systems Division, Chalmers University of Technology. His current research interests include millimeter-wave planar antennas in general, gap waveguide technology, frequency-selective surfaces, microwave passive components, and packaging techniques, and integration of MMICs with the antennas. VOLUME 8, 2020 
